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We sought to evaluate the effectiveness of the antibiotic treatment administered for infections caused by carbapenemase-pro-
ducing Enterobacteriaceae. The PubMed and Scopus databases were systematically searched. Articles reporting the clinical out-
comes of patients infected with carbapenemase-producing Enterobacteriaceae according to the antibiotic treatment adminis-
tered were eligible. Twenty nonrandomized studies comprising 692 patients who received definitive treatment were included.
Almost all studies reported on Klebsiella spp. In 8 studies, the majority of infections were bacteremia, while pneumonia and uri-
nary tract infections were the most common infections in 12 studies. In 10 studies, the majority of patients were critically ill.
There are methodological issues, including clinical heterogeneity, that preclude the synthesis of the available evidence using sta-
tistical analyses, including meta-analysis. From the descriptive point of view, among patients who received combination treat-
ment, mortality was up to 50% for the tigecycline-gentamicin combination, up to 64% for tigecycline-colistin, and up to 67% for
carbapenem-colistin. Among the monotherapy-treated patients, mortality was up to 57% for colistin and up to 80% for tigecy-
cline. Certain regimens were administered to a small number of patients in certain studies. Three studies reporting on 194 criti-
cally ill patients with bacteremia showed individually significantly lower mortality in the combination arm than in the mono-
therapy arm. In the other studies, no significant difference in mortality was recorded between the compared groups.
Combination antibiotic treatment may be considered the optimal option for severely ill patients with severe infections. How-
ever, well-designed randomized studies of specific patient populations are needed to further clarify this issue.

arbapenemase-producing Enterobacteriaceae have been steadily

spreading worldwide during the last decade. Production of
Klebsiella pneumoniae carbapenemase (KPC) enzymes is the most
common mechanism of resistance among carbapenemase-pro-
ducing Enterobacteriaceae, while these enzymes are most com-
monly encountered among K. pneumoniae isolates. Outbreaks
due to KPC-producing K. pneumoniae have been recorded in
many countries around the world (1); however, these infections
have become endemic in the United States, Greece, Israel, and
China (1). Carbapenems have been successfully, until recently,
used for the treatment of infections caused by Enterobacteriaceae,
including those producing extended-spectrum beta-lactamases
(2). However, carbapenemases confer resistance to broad-spec-
trum antibiotics, usually including carbapenems, and therefore,
the majority of carbapenemase-producing Enterobacteriaceae are
carbapenem resistant (CRE). According to recent data from the
Centers for Disease Control and Prevention in the United States,
the percentage of CRE increased from 1.2% in 2001 to 4.2% in
2011 (3). The highest increase in proportion, from 1.6% to 10.4%,
was observed for Klebsiella spp. during the same period (3).

Antibiotic treatment options for these multidrug-resistant in-
fections are limited. Tigecycline, which was approved by the Food
and Drug Administration in 2005, the “old” antibiotics colistin
and fosfomycin, which have been revived (4, 5), and aminoglyco-
sides are among the remaining treatment options for clinicians to
battle these difficult-to-treat infections. An important question
which still remains unanswered among clinicians regarding anti-
biotic treatment is whether combination or monotherapy antibi-
otic regimens are more effective. With regard to published litera-
ture, the major problem is that most studies reporting on
treatment include retrospective data and a rather small number of
patients. Besides, it has been shown that patients with infections
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due to carbapenemase-producing Enterobacteriaceae or CRE ex-
perience high mortality (6-8). Therefore, collection and analysis
of the current published literature on the effectiveness of the an-
tibiotic treatment used against these infections are a necessity.

In this context, we aimed to systematically review the available
evidence in order to evaluate the effectiveness of the antibiotic
treatment commonly administered to patients with infections
caused by carbapenemase-producing Enterobacteriaceae and CRE.

MATERIALS AND METHODS

Literature search. A systematic search was performed in the PubMed and
Scopus databases during February and March 2013. The following search
term was applied to the PubMed database: “(CRE or carbapenem-resis-
tant or KPC or carbapenemase-producing or VIM or NDM or OXA or
IMP) and (escherichia or klebsiella or enterobacter or proteus or serratia
or citrobacter or salmonella or shigella) and (treatment).” A shorter
search term was applied to Scopus: “(CRE or carbapenem-resistant or
KPC or carbapenemase-producing or VIM or NDM or OXA or IMP) and
(escherichia or Kklebsiella or enterobacter or enterobacteriaceae) and
(treatment).” The bibliographies of all eligible studies were searched by
hand in an effort to identify additional potentially eligible studies. Only
articles published in English, German, French, Spanish, Italian, or Greek
were evaluated.
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FIG 1 Flow diagram of the detailed search process and study selection. CPE, carbapenemase-producing Enterobacteriaceae.

Study selection. Any article providing the clinical outcomes of pa-
tients treated for infections caused by carbapenemase-producing Entero-
bacteriaceae or CRE was considered eligible for inclusion in the review.
Studies reporting on the treatment and clinical outcomes of colonized
patients with carbapenemase-producing Enterobacteriaceae or CRE were
excluded. When the clinical outcomes of the infected patients were pre-
sented separately from the outcomes of the colonized patients, only the
outcomes of the infected patients were extracted. Case reports and case
series including fewer than 10 infected patients were excluded from the
review.

Data extraction. The extracted data consisted of the main character-
istics of a study (first-author name, year of publication, country, study
period, and design), main characteristics and underlying diseases of the
study population, number of patients with infections due to carbapen-
emase-producing Enterobacteriaceae or CRE, the causative pathogen(s),
sites of infections, and antibiotic treatment (combination therapy or
monotherapy). Clinical outcomes (mortality, treatment failure) of pa-
tients in each treatment group were recorded as well.

Definitions and outcomes. The interpretation of the antimicrobial
susceptibility patterns was performed according to the breakpoints used
by the investigators of the individual studies.

The primary outcome of the review was 30-day mortality, while the
secondary outcome was treatment failure. When 30-day mortality was
unavailable, other types of mortality were extracted. Treatment failure
was defined according to the definitions used by the investigators of the
included studies.

RESULTS

A total of 925 articles were retrieved during the search process in
both databases (542 from PubMed, 379 from Scopus, 4 from
searching by hand). Twenty studies met the inclusion criteria (9—
28). The detailed search process and study selection are depicted
in Fig. 1. Thirty-one studies were excluded because they did not
present the clinical outcomes according to the antibiotic treat-
ment administered. Among the included studies, 18 provided data
on mortality, including for 651 patients who received definitive
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antibiotic treatment (9-13, 15-19, 21-28), while two other studies
provided data on treatment failure, including for 41 patients who
received definitive antibiotic treatment (14, 20). The characteris-
tics and outcomes of the included studies according to the studied
outcomes are presented in Table 1 and Table 2.

Seven out of 21 studies were prospective cohort studies (11-13,
15, 17, 24, 28), 12 were retrospective cohort studies (9, 10, 14,
18-23, 25-27), and 1 was a retrospective case-control study (16).
Fifteen studies reported on carbapenemase-producing Enterobac-
teriaceae (9, 10, 12, 14, 16, 17, 19-23, 25-28) and five others on
carbapenem-resistant Enterobacteriaceae (11, 13, 15, 18, 24). One
study included infections due to carbapenem-resistant K. prneu-
moniae isolates, mainly isolates that produced KPC (11). Klebsiella
spp. were the sole causative pathogens in 14 studies (10-12, 14-16,
18, 19, 21, 22, 24-26, 28), while they were the predominant caus-
ative pathogens in 5 other studies (9, 13, 17, 20, 23). In one study,
the major causative pathogen was Enterobacter cloacae (27). In 8
out of 20 studies, the total or the majority (>50% of the included
infections) of the included infections were bacteremia (16—19, 22,
23, 25, 27, 28). Pneumonia and urinary tract infections were the
most common infections among the remaining 12 studies. In 10
out of 20 studies, the majority of patients were criticallyill (14-16,
18-23, 28).

Mortality. In seven studies, the 28- or 30-day mortality was pro-
vided (10, 13, 17-19, 25, 27), in one, the 14-day mortality was pro-
vided (12), in four, the in-hospital mortality was provided (9, 11, 15,
16), in two, the overall mortality was provided (22, 23), in one, the
infection-related mortality was provided (28), and in three, the type
of mortality provided was not determined (21, 24, 26).

Carbapenemase-producing Klebsiella spp. as KPC, MBL, or
OXA. Eight studies (316 patients) reported data on KPC-produc-
ing Klebsiella spp. (9-11, 19,22, 25, 26, 28), while five other studies
(201 patients) reported data regarding metallo-B-lactamase
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mortality rates between the 15 patients treated with tigecycline
and the other 18 patients treated with colistin, imipenem, or
meropenem (P = 0.31). In another study including 10 patients,
mortality was 50% (2/4) for patients who were treated with ami-
kacin combined with a carbapenem (24). Finally, in the last study,
11 ICU patients with hospital-acquired infections received intra-
venous fosfomycin either combined with other antibiotics or
alone (15). Two of the patients who received fosfomycin in com-
bination with colistin died while in the hospital.

Other carbapenemase-producing Enterobacteriaceae. One
study reported on the definitive antibiotic treatment that was ad-
ministered to 32 patients with bloodstream infections due to IMP-
8-producing Enterobacteriaceae (mainly Enterobacter cloacae)
(27). Patients who received treatment with carbapenems had a
10% 28-day mortality (2/20), whereas those who received non-
carbapenem treatment had a 16.7% 28-day mortality (2/12). Ap-
proximately half the patients were infected with carbapenem-re-
sistant strains.

Treatment failure. Two studies (41 patients) reported relevant
data on infections caused by carbapenemase-producing K. pneu-
moniae (14, 20). In the one study, including mainly ICU patients,
treatment failure was 16.7% (2/12) among patients who received
combination treatment, while treatment failure was 40% (4/10)
among those who received monotherapy (P = 0.35) (20). The
other study, also reporting mainly on ICU patients, showed that
patients who received the tigecycline-colistin combination as well
as those receiving the colistin-tigecycline-gentamicin combina-
tion had 42.9% (3/7) and 0% (0/2) treatment failures, respectively
(14).

In total, in the majority of the studies, statistically significant
differences in mortality and treatment failure were not detected
between patients who received combination antibiotic treatment
and those who received monotherapy. However, three studies,
reporting on in total 194 patients, showed significantly lower mor-
tality in the combination treatment arms than in the monotherapy
arms (19, 25, 28). These studies reported on bloodstream infec-
tions in critically ill patients. In addition, another study showed
numerically but not statistically significantly higher incidences of
clinical cure and microbiological eradication among patients
treated with a combination of antibiotics than among those
treated with monotherapy (20). This study reported on critically
ill patients, as well.

DISCUSSION

Methodological issues, including clinical heterogeneity, that have
been detected among the included studies precluded the synthesis
of the evidence using statistical analyses, including meta-analysis.
However, among critically ill patients with bacteremia due to car-
bapenemase-producing Klebsiella spp., a combination antibiotic
treatment may result in lower mortality than monotherapy.
Tigecycline in combination with colistin, carbapenem in com-
bination with colistin, and tigecycline in combination with genta-
micin were the commonly administered antibiotic treatment reg-
imens among the included studies and might result in lower
mortality than other combinations of antibiotics. An effectiveness
similar to that of the aforementioned combinations was observed
among patients treated with monotherapy with colistin, tigecy-
cline, and carbapenems. However, the available data for the ma-
jority of the studied treatment regimens (both the combination
regimens and the monotherapy regimens) was derived from fewer
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than 50 patients, and great variation existed with respect to site
and severity of infection. Among patients treated with the same
antibiotic treatment, either combination therapy or mono-
therapy, mortality exceeded 60% for patients in a critical care
setting, while it was below 50% for non-ICU patients.

Carbapenems were, overall, administered to patients infected
with strains for which the MICs were low. Interestingly, three of
the included studies mention an important increase in survival
when a carbapenem was administered in combination with an-
other drug (12, 19, 25). In one of them, it is mentioned that the
survival of patients treated with the colistin-tigecycline combina-
tion significantly increased when meropenem was added to the
scheme (25). The authors commented that the survival benefit is
possibly associated with meropenem because that was the antibi-
otic most commonly added to the colistin-tigecycline combina-
tion. It is also interesting that an increase in survival was observed
both among patients infected with isolates for which the mero-
penem MIC was =4 and among patients infected with isolates for
which MICs were elevated. Likewise, another study suggested that
colistin-tigecycline along with a carbapenem was the most suc-
cessful combination, even among patients infected with isolates
resistant to carbapenems, possibly due to potential synergy be-
tween colistin and carbapenems, but results may be affected by the
small number of cases studied and by the fact that carbapenems
were very commonly included in the combination treatment reg-
imens (19, 29). Last, in the remaining study, it is reported that the
lowest mortality was noted among patients who received two ac-
tive drugs, one of which was a carbapenem. However, all the com-
bination regimens in this study included a carbapenem, preclud-
ing comparisons with other combination treatment regimens
(12).

Gentamicin monotherapy was preferred in patients with uri-
nary tract infections, and this may account for the high clinical
success observed. There were few cases of successful treatment of
bacteremia with gentamicin monotherapy as well as few cases of
pneumonia, but monotherapy with an aminoglycoside is against
the guidelines for these serious infections (30, 31). Also, catheter
removal from patients with catheter-related bacteremia was prob-
ably the main factor leading to cure in those cases (11). With
regard to tigecycline, it was administered either as monotherapy
or in combination with colistin or gentamicin among the included
studies. In the majority of these studies, tigecycline treatment reg-
imens were not administered for approved indications (i.e., com-
plicated intra-abdominal infections, complicated skin and soft tis-
sue infections) but instead for bloodstream infection, pneumonia,
and urinary tract infection. The use of tigecycline in an off-label
manner is widespread due to the scarcity of approved effective
alternative antibiotics for multidrug-resistant infections (32). At-
tention should be paid by clinicians, because tigecycline was asso-
ciated with higher mortality than comparator antibiotics (33-35).
However, a recent meta-analysis showed that the drug was not
associated with significantly higher mortality than comparator
antibiotics and was as effective as comparators when the analysis
was restricted to patients who received tigecycline for approved
indications (36).

The option between a combination of antibiotics and mono-
therapy can vary among different sites of infection, causative
pathogens, antimicrobial susceptibility patterns, or patient co-
morbidity. In clinical practice, combinations of antibiotics are
commonly administered to patients with severe infections either
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empirically to broaden the coverage or definitively for polymicro-
bial infections (37, 38). Evidence derived from clinical and in vitro
studies reveals that a combination of antibiotics might prevent the
emergence of resistant strains during therapy (39, 40). However,
clinical data do not clearly support the idea that antibiotic combi-
nations reduce the emergence of resistance (41). Synergy is an-
other potential benefit arising from the use of antibiotic combina-
tions (42—44), but in vitro synergy of specific antibiotics may not
always translate into clinical effectiveness. Similarly, inactive in
vitro antibiotics may potentially be useful when administered as
adjuncts with an active antibiotic in cases when alternative antibi-
otics are not available.

Tigecycline with colistin, colistin with a carbapenem, fosfomy-
cin with a carbapenem, fosfomycin with an aminoglycoside, and a
carbapenem with an aminoglycoside have been reported as anti-
biotic combinations effectively administered to series of patients
infected with carbapenemase-producing Enterobacteriaceae (45).
In addition, there is clinical evidence suggesting that the tigecy-
cline-colistin combination may be superior to colistin mono-
therapy in terms of emergence of colistin resistance during ther-
apy for infection due to carbapenem-resistant K. pneumoniae
(39). In contrast, a meta-analysis focusing on beta-lactams
showed that a beta-lactam combined with an aminoglycoside was
not superior to beta-lactam monotherapy with regard to emer-
gence of resistance (41). Administration of colistin in combina-
tion with an aminoglycoside has also been reported (11, 14, 16,
25); however, attention should be paid during therapy since both
agents can cause nephrotoxicity. In general, combinations of an-
tibiotics should always be administered cautiously, bearing in
mind the potential additive toxicity of the drugs. Among amin-
oglycosides, gentamicin has been suggested as the one with the
highest in vitro activity against KPC- and VIM-producing Entero-
bacteriaceae (22, 46). Combination treatment including a carbap-
enem could be considered in infections due to carbapenemase-
producing Enterobacteriaceae for which MICs are low and when
extended or continuous but not short-term infusions are used (45,
47). Similarly, once-daily (extended-interval) dosing should be
considered when aminoglycosides are administered, since this
regimen provides optimal pharmacokinetics/pharmacodynamics
for those drugs (48). Last, preliminary assays with in vitro and
animal models support the idea that double-carbapenem therapy
might be considered for treatment of infections caused by KPC-
producing K. pneumoniae (49, 50).

On the other hand, treatment with a single antimicrobial agent,
mainly colistin and tigecycline, has also been a choice (11, 13, 16,
18, 25). However, a recent review showed that treatment failure
was more common among patients who were treated with mono-
therapy than among those who were treated with a combination of
antibiotics for infections due to KPC-producing K. pneumoniae
(51). The effectiveness of colistin monotherapy has been chal-
lenged due to low plasma concentrations owing to suboptimal
dosing of the drug, especially in critically ill patients with impaired
renal function (52). However, an increase in the daily dose of the
antibiotic is risky due to colistin-induced nephrotoxicity. Also,
low levels in serum are achieved with the usual dosing of tigecy-
cline. Furthermore, colistin heteroresistance has emerged among
Klebsiella species isolates (53), while outbreaks due to colistin-
resistant carbapenemase-producing Enterobacteriaceae (54-57)
and resistance to tigecycline (58) have also been recorded in some
countries. Resistance to both antibiotics has been associated with
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prior exposure to the drugs (59, 60). Therefore, combination with
another antibiotic might be the optimal option when patients are
treated with colistin or tigecycline. Last, until further studies clar-
ify the issue of the emergence of resistance during therapy with
fosfomycin, fosfomycin should not be administered as mono-
therapy.

Our study should be interpreted in view of certain limitations.
The major one is that the scarcity of evidence on how to treat these
potentially severe infections forced us to present together different
patient populations, different sites of infections, different geno-
types of a pathogen (i.e., KPC, VIM, OXA), and different assess-
ments of mortality. In addition, the interpretation of the findings
should be done in view of the fact that lower antimicrobial sus-
ceptibility breakpoints were proposed for carbapenems by the
Clinical and Laboratory Standards Institute (CLSI) in June 2010,
while older breakpoints were used in some of the included studies.
Another important limitation is that all included studies were
nonrandomized, and the majority of them had a retrospective
design. Furthermore, specific conclusions were drawn from stud-
ies with a small number of patients. Another important issue is
that the administrations of the antibiotics differed among the
studies with regard to the duration of infusion or the total daily
dose. Accordingly, these differences might influence the clinical
outcomes. With regard to the safety of the administered treatment
regimens, the included studies did not provide relevant data. Last,
the matter of the emergence of resistance during therapy was not
raised by any of the included studies.

In conclusion, the available evidence, which came entirely
from nonrandomized studies, suggests that combination antibi-
otic treatment may offer a comparative advantage over mono-
therapy with regard to the mortality of critically ill patients with
severe infections due to carbapenemase-producing Klebsiella spp.
Well-designed randomized controlled trials in specific patient
populations are required to address this crucial question of every-
day clinical practice.
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